1. Introduction {#sec1-ijms-19-02771}
===============

Hepatitis C virus (HCV) is a 9.6-kb hepatotropic RNA virus that is known to be a major cause of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma. In vivo animal models for HCV infection study are limited, but the in vitro cell culture system to study a natural HCV life cycle is well established \[[@B1-ijms-19-02771],[@B2-ijms-19-02771]\]. In addition, a full-length HCV genome was shown to replicate and even produce infectious virus particles in a human hepatocarcinoma 7 cell line (huh 7) culture \[[@B3-ijms-19-02771]\].

Natural killer (NK) cells are large lymphoid cells that participate in innate immune defense \[[@B4-ijms-19-02771]\]. The major role of NK cells is killing virus-infected cells and tumor cells through abnormal or a lack of major histocompatibility antigen (MHC) I expression \[[@B5-ijms-19-02771]\]. NK cells are identified by the expressions of CD56 and CD16 in human peripheral blood \[[@B6-ijms-19-02771]\]. CD16 is the low-affinity Fc receptor (FcγRIIIa or FcγRIIIb) that facilitates antibody-dependent cell cytotoxicity (ADCC) \[[@B6-ijms-19-02771]\]. The CD56^+^ populations are further divided into subsets of CD56^dim^ and CD56^bright^. The CD56^dim^ CD16^+^ subset is known to be more mature and has higher amounts of cytotoxic granules such as perforin and granzyme than the CD56^bright^ CD16^+^ subset \[[@B6-ijms-19-02771]\]. NK cells comprise about 50% of liver-resident lymphocytes, which suggests that NK cells play crucial roles in the elimination of viral infections in the liver \[[@B4-ijms-19-02771]\].

Resolve of HCV infection has been associated with strong HCV-specific T cell responses, whereas lack of CD4^+^ and CD8^+^ T cell responses have been observed during the chronic phase of HCV infection \[[@B7-ijms-19-02771]\]. With regard to innate immune responses, establishment of chronic HCV infection was shown to be partly related with NK cell dysfunction, which results in the modulation of DC function or the production of immunoregulatory cytokines (TGF-β, IL-10) during HCV infection \[[@B8-ijms-19-02771],[@B9-ijms-19-02771]\]. Although the importance of T cells and B cells against HCV infection has been well described \[[@B10-ijms-19-02771]\], NK cell responses are relatively unclear, and there are still some arguments to be resolved \[[@B11-ijms-19-02771]\]. In particular, a rapid and strong NK cell response early on during HCV infection is required to induce a robust T cell response against HCV that results in effective viral clearance. Meanwhile, the chronicity of HCV infection is closely connected with impairment of NK cell function \[[@B12-ijms-19-02771],[@B13-ijms-19-02771]\].

The HCV in vitro cell culture system has been utilized to investigate the role of NK cells in HCV infection. Coculture between human primary NK cells and HCV-infected human hepatoma cells reduced the functional capacity of NK cells to degranulate as well as to target cell cytotoxicity \[[@B14-ijms-19-02771]\].

IL-10 is a representative immune-inhibitory cytokine that has been shown to play a key role in disease progression to chronic HCV infection. Early IL-10 production in HCV-infected patients was linked with higher HCV RNA in blood, and the presence of IL-10 producing T cells was correlated with progression to chronic HCV infection \[[@B15-ijms-19-02771]\]. Increased production of IL-10 has been suggested as a mechanism of inefficient virus-specific CD4^+^ T cell responses in chronic HCV infection \[[@B16-ijms-19-02771]\]. Increased natural cytotoxicity receptor (NCR) expression of NK cells with IL-10 production was shown to provide a greater contribution to NK-DC crosstalk for subsequent adaptive immune responses than virus control in HCV infection \[[@B17-ijms-19-02771]\].

Meanwhile, the important role of IL-21 in HCV infection is also well established. The frequency of HCV-specific IL-21^+^ T cells was negatively related with HCV RNA viral load in HIV/HCV co-infected patients \[[@B18-ijms-19-02771]\]. In vitro treatment of IL-21 increased the cytolytic function of HCV-specific CD8^+^ T cells \[[@B19-ijms-19-02771]\]. Recently, it was shown that patients with sustained virologic response (SVR) had higher pretreatment serum IL-21 levels, which suggests that the pretreatment serum IL-21 level could be a biomarker to predict SVR in chronic hepatitis C patients \[[@B20-ijms-19-02771]\]. IFN-α pre-stimulated NK cells have been reported to kill HCV-infected hepatoma cells, which suggests that the modulation of cytokine production such as neutralizing IL-10 or adding IL-12 or IL-21 in coculture of NK cells and HCV-infected hepatoma cells could be considered as an immunotherapeutic approach against HCV infection \[[@B21-ijms-19-02771]\]. In this study, we tried to induce the functional activation of NK cells by neutralizing IL-10 or adding exogenous IL-21 in coculture with J6/JFH1-huh 7.5 cells (HCVcc) and investigated the effect of cytokine-modulated natural killer cells on the activity of HCV. We also explored the signaling molecules that are related with NK cell activation in coculture with J6/JFH1-huh 7.5 cells.

2. Results {#sec2-ijms-19-02771}
==========

2.1. Effect of Anti-IL-10 on Expression of CD56, and STAT Proteins in NK-92 Cells {#sec2dot1-ijms-19-02771}
---------------------------------------------------------------------------------

To investigate whether neutralization of IL-10 has any effect on the surface expression of CD56 in NK-92 cells, NK-92 cells were incubated in the presence or absence of anti-IL-10 (1 ng/mL) for 6 h and stained with fluorescent anti-CD56 antibodies. The expression of CD56 on NK cells is known to be directly associated with activation-linked maturation in NK cells. There was a significant increase in the frequency of the CD56^+dim^ population of NK-92 cells (62.1%) in the presence of anti-IL-10 compared with untreated cells (41.7%) ([Figure 1](#ijms-19-02771-f001){ref-type="fig"}A,B). Subsequently, NK-92 cells were cocultured with J6/JFH-1-huh 7.5 cells or naïve huh 7.5 cells in the presence or absence of anti-IL-10 (1 ng/mL) for 6 h. Cell lysates from NK-92 cells were assessed for the expression of signal transducer and activator of transcription (STAT) proteins. The increased expressions of STAT1 and STAT5 proteins is known to be a key factor in NK cell activation. As shown in [Figure 1](#ijms-19-02771-f001){ref-type="fig"}C,D, HCV infection itself significantly increased the expressions of STAT1 and STAT5 proteins. On the other hand, neutralization of IL-10 considerably decreased the expression of STAT1 and STAT5 proteins in NK-92 cells cocultured with J6/JFH-1-huh 7.5 cells ([Figure 1](#ijms-19-02771-f001){ref-type="fig"}C,D).

2.2. Effect of Anti-IL-10 on Expression of HCV-Core and HCV-NS3 Proteins in Coculture with NK-92 Cells {#sec2dot2-ijms-19-02771}
------------------------------------------------------------------------------------------------------

J6/JFH-1-huh 7.5 cells were cocultured with NK-92 cells in the presence or absence of anti-IL-10 for 6 h. Immunohistochemical staining for HCV Core protein expression was done with nuclei counterstain. Subsequently, real time qPCR for HCV RNA level and Western blot analysis for HCV Core and HCV NS3 proteins were performed and the results were analyzed. Fewer dark spots for cytoplasmic expression of HCV Core protein and less number of nuclei counterstain were observed in J6/JFH-1-huh 7.5 cells cocultured with NK-92 cells compared with J6/JFH-1-huh 7.5 cells in a single culture (HCV Core^+^ 59.77% in coculture; 92.49% in single culture) ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}A). However, neutralization of IL-10 seems to increase the number of HCV Core positive spots as well as the number of nuclei counterstain (HCV Core^+^ 59.77% in coculture; 65.91% in anti-IL10^+^ coculture) ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}A, far right). Also, HCV RNA expression showed a significant downregulation in coculture with NK-92 cells, but it was slightly upregulated in the presence of anti-IL-10 ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}B). Subsequently, Western blot analysis showed that the substantial reduction of both HCV Core and NS3 proteins in coculture with NK-92 cells recovered in the presence of anti-IL-10 ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}C,D), which correlates with the immunohistochemical staining for HCV Core protein as well as HCV RNA expression.

2.3. Effect of Anti-IL-10 on Expression of p38 and Erk in J6/JFH-1-huh 7.5 Cocultured with NK-92 Cells {#sec2dot3-ijms-19-02771}
------------------------------------------------------------------------------------------------------

We predicted an inhibition of HCV by neutralization of IL-10 in J6/JFH-1-huh 7.5 cells cocultured with NK-92 cells because IL-10, a typical immune regulatory cytokine, was reported to link with high HCV RNA in blood from chronic HCV-infected patients. However, we observed increased expression of HCV proteins by the addition of anti-IL-10 in coculture ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}A,C,D). Therefore, we further explored whether the cellular signaling molecules of J6/JFH-1-huh 7.5 cells could be affected by anti-IL-10. Western blot analysis for the expressions of p38, extracellular regulated protein kinase (Erk) proteins and the phosphorylated forms in J6/JFH-1-huh 7.5 cells cocultured with NK-92 cells ([Figure 3](#ijms-19-02771-f003){ref-type="fig"}) showed that, initially, coculture with NK-92 decreased the expressions of p38, Erk and p-Erk proteins in J6/JFH-1-huh 7.5 cells. The expression of p-p38 was not detected in any of cell cultures ([Figure 3](#ijms-19-02771-f003){ref-type="fig"}A). Interestingly, neutralization of IL-10 significantly increased the production of Erk protein, which suggests that anti-IL-10 affected not only HCV expression by modulating the activity of NK cells but also HCV-infected huh 7.5 cells ([Figure 3](#ijms-19-02771-f003){ref-type="fig"}A,B).

2.4. Effect of Recombinant IL-21 on Expression of CD56, STAT Proteins, and IFN-γ in NK-92 Cells {#sec2dot4-ijms-19-02771}
-----------------------------------------------------------------------------------------------

Next, we examined the effect of recombinant IL-21 on the function of NK-92 cells. NK-92 cells were cultured in the presence or absence of rIL-21 (0.2 ng/mL) for 6 h and stained with fluorescent anti-CD56 antibodies. The rIL-21 significantly increased the frequency of the CD56^dim^ population of NK-92 cells (51.1%) compared with unstimulated cells (44.2%) ([Figure 4](#ijms-19-02771-f004){ref-type="fig"}A,B). In addition, NK-92 cells were incubated with or without rIL-21 (0.2 ng/mL) pre-stimulation for 6 h and then cocultured with J6/JFH-1-huh 7.5 cells or naïve huh 7.5 cells for another 12 h. Cell lysates from NK-92 cells were assessed for the expressions of STAT1 and STAT5 proteins using Western blot. Pre-stimulation by rIL-21 dramatically increased the expressions of STAT1 and STAT5 proteins in NK-92 cells. Also, rIL-21 stimulated a significant amount of IFN-γ in NK-92 cells cocultured with J6/JFH-1-huh 7.5 cells ([Figure 4](#ijms-19-02771-f004){ref-type="fig"}E). These results indicate that rIL-21 can directly induce the activation of NK-92 cells.

2.5. Effect of Recombinant IL-21 on Expression of HCV-Core and -NS3 Proteins in Coculture with NK-92 Cells {#sec2dot5-ijms-19-02771}
----------------------------------------------------------------------------------------------------------

We further investigated if rIL-21-pre-stimulated NK-92 cells could influence the expressions of HCV proteins and RNA replication. J6/JFH-1-huh 7.5 cells were cocultured with NK-92 cells that had or had not been pre-treated with rIL-21. Then, Immunohistochemical staining for HCV Core protein and nuclei counterstain was assessed. Also, HCV RNA level, HCV Core and HCV NS3 proteins were quantified.

Much fewer number of dark spots (HCV Core protein) as well as and fewer number of nuclei were detected in J6/JFH-1-huh 7.5 cells cocultured with rIL-21-prestimulated NK-92 cells compared with that from coculture between J6/JFH-1-huh 7.5 cells and untreated NK-92 cells (HCV Core^+^ 93.47% in single culture; 62.07% in coculture; 51.95% in r-IL21^+^ coculture) ([Figure 5](#ijms-19-02771-f005){ref-type="fig"}A, middle and far right). HCV RNA expression level was also considerably decreased in J6/JFH-1-huh 7.5 cells cocultured with rIL-21-prestimulated NK-92 cells ([Figure 5](#ijms-19-02771-f005){ref-type="fig"}B). HCV Core protein, but not NS3 protein, was significantly reduced by rIL-21-prestimulated NK-92 cells ([Figure 5](#ijms-19-02771-f005){ref-type="fig"}C,D), which suggests that rIL-21 could control HCV infection through activating NK-92 cells.

3. Discussion {#sec3-ijms-19-02771}
=============

IL-10 is an important immunoregulatory cytokine that is produced by macrophages, Th cells, and NK cells depending on various immune environments \[[@B22-ijms-19-02771]\]. NK cells were reported to express both IL-10 and its receptor, but the function of IL-10 on NK cell activation is not clearly understood. Tripp group suggested that IL-10 could be an antagonist for NK cell activation because of its inhibitory effect on the production of inflammatory cytokines and the activation of T cells \[[@B23-ijms-19-02771]\]. Scott et al. showed that NK cells were significantly activated in mice treated with anti-IL-10 during peritonitis and that the activation of NK cells corresponded with decreased mice survival and the production of IFN-γ \[[@B24-ijms-19-02771]\]. We also found that neutralizing IL-10 increased the frequency of the CD56^dim^ population of NK-92 cells, which has higher amounts of cytotoxic granules than the CD56^bright^ population ([Figure 1](#ijms-19-02771-f001){ref-type="fig"}A,B). These data indicate that IL-10 can directly inhibit the expressions of functional receptors in NK cells depending on a variety of immune milieus.

The influence of IL-10 in chronic HCV infection has been well investigated. Increased IL-10 production in chronic HCV infection positively correlated with high HCV RNA and ineffective HCV-specific T cell responses \[[@B15-ijms-19-02771],[@B16-ijms-19-02771]\]. We examined whether neutralizing IL-10 would affect a coculture system consisting of cell culture-grown HCV (HCVcc) genotype 2a (clone JFH1) and NK-92 cells. First, the expressions of STAT1 and STAT5 proteins from NK-92 cell lysates were upregulated in coculture with J6/JFH-1-huh 7.5 cells compared with coculture with naïve huh 7.5 cells, which suggests that HCVcc induced the activation of NK-92 cells. At the same time, NK-92 seems to actively kill HCV-infected huh 7.5 cells according to a positive correlation between the decrease of dark spots for HCV core protein and reduced cell number image from nuclei counterstain ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}A far left, middle and [Figure 5](#ijms-19-02771-f005){ref-type="fig"}A far left, middle). However, the increased STATs expression of NK-92 cells was significantly downregulated in the presence of anti-IL-10, which indicates that IL-10 may be required to maintain the activation of NK-92 cells through STATs expression ([Figure 1](#ijms-19-02771-f001){ref-type="fig"}C,D). It has been shown that recombinant IL-10 has a significant effect on the cytotoxicity of human NK cells and neutralizing IL-10 suppressed NK cell cytotoxicity in human NK cells. The same study also showed that recombinant IL-10 increased the expressions of STAT1 and STAT3 in NK-92 single culture, which is partly inconsistent with our data \[[@B25-ijms-19-02771]\]. We assume that the STATs proteins of NK-92 cells in our coculture system could have complicated influences by both HCVcc as well as anti-IL10.

HCVcc (clone JFH1) has been reported to induce the production of IL-10 and inhibit DC maturation, which suggests that HCVcc could induce viral favorable immune environments by modulating host-derived IL-10 \[[@B26-ijms-19-02771]\]. Therefore, we explored the effect of anti-IL-10 on HCVcc in coculture with NK-92 cells. We observed that coculture with NK-92 cells significantly decreased the production of HCV proteins as well as the RNA replication, which was expected because of cytotoxic effect of NK-92 cells on HCV-infected huh 7.5 cells ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}B--D and [Figure 5](#ijms-19-02771-f005){ref-type="fig"}B--D). However, neutralization of IL-10 seems to restore the production of HCV Core and NS3 proteins ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}A,C,D).

We previously confirmed a significant amount of IL-10 production from coculture between J6/JFH-1-huh 7.5 cells and NK-92 cells ([Figure S1](#app1-ijms-19-02771){ref-type="app"}); therefore, we are convinced that the reduction of HCV proteins resulted from the presence of IL-10 in the coculture maintaining the activation of NK-92 cells against HCV, which supports results from the Park group \[[@B25-ijms-19-02771]\]. However, we initially hypothesized that neutralization of IL-10 would result in HCV inhibition by activating NK cells because IL-10 was shown to be associated with high HCV RNA in blood from chronic HCV patients. Therefore, we further examined whether the signaling molecules in J6/JFH-1-huh 7.5 cells are also affected by anti-IL-10 in coculture with NK-92 cells, and we found that the downregulated Erk expression in coculture with NK-92 cells was recovered in the presence of anti-IL-10 ([Figure 3](#ijms-19-02771-f003){ref-type="fig"}A,B).

HCV viral proteins such as Core and E2 have been reported to be associated with the modulation of cell proliferation. Mitogen-activated protein kinase (MAPK) signal pathway contains the extracellular regulated protein kinase (Erk), the stress-activated protein kinase (p38), and the c-Jun N-terminal kinase (JNK), which are associated with the regulation of cellular processes including cell growth, proliferation, and apoptosis \[[@B27-ijms-19-02771]\]. Erhardt found that both Full-length and N-truncated HCV core proteins stimulated the total protein expressions of Erk, JNK and p38 and that resulted in an increase of cell proliferation \[[@B28-ijms-19-02771]\]. HCV E2 protein was shown to induce the phosphorylated forms of Erk in huh-7 cells \[[@B29-ijms-19-02771]\]. Of note, the expression of phosphorylated Erk or p38 would be better indicator for the cell proliferation or activation. However, Ndjomou group reported that Erk inhibitor enhanced HCV replication by inhibiting the phosphorylation of MEK/Erk signals, which indicates that the relationship between phosphorylation status of MEK/Erk and HCV infection is still unclear \[[@B30-ijms-19-02771]\]. Therefore, we decided to measure the protein expression of total Erk or p38 and the phosphorylated forms. [Figure 3](#ijms-19-02771-f003){ref-type="fig"}A,B show that coculture with NK-92 cells significantly decreased the expression of total Erk and p-Erk protein, which strongly suggests the cytotoxicity of NK-92 cells against J6/JFH-1-huh 7.5 cells through the Erk pathway ([Figure 3](#ijms-19-02771-f003){ref-type="fig"}A,B). Interestingly, anti-IL-10 seems to increase the production of Erk protein ([Figure 3](#ijms-19-02771-f003){ref-type="fig"}A,B), which correlates with the increased expression of HCV Core protein ([Figure 2](#ijms-19-02771-f002){ref-type="fig"}C,D). We speculate that the addition of anti-IL-10 attenuates both the cytotoxic and antiviral effect of NK-92 cells, which results in the increase of ErK protein in J6/JFH-1-huh 7.5 cells.

In addition, we tried to study the role of IL-21 in coculture between NK-92 cells and J6/JFH-1-huh 7.5 cells. Recently, IL-21 was suggested as a predictor of sustained virologic response (SVR) in chronic hepatitis C because high levels of IL-21 were clearly linked with achievement of SVR \[[@B20-ijms-19-02771]\]. Also, HCV specific IL-21^+^ T cells were shown to be associated with HCV viral control in chronic HCV monoinfection as well as HIV/HCV coinfection \[[@B18-ijms-19-02771],[@B19-ijms-19-02771]\]. Skak's group reported that exogenous IL-21 increased the expression of perforin and granzyme A in human NK cells at mRNA and protein levels, even though the expressions of surface receptors on NK cells were hardly affected by IL-21 \[[@B31-ijms-19-02771]\]. Another group, that of Wendt et al., showed that IL-21 strongly induced the proliferation of the CD56^+bright^ population in human NK cells and cytotoxicity of NK cells was increased, especially in the CD56^+dim^ population \[[@B32-ijms-19-02771]\]. We showed that recombinant IL-21 significantly increased the frequency of CD56^+dim^, which indicates the direct augmentation of NK cytotoxicity by rIL-21 ([Figure 4](#ijms-19-02771-f004){ref-type="fig"}). This IL-21--stimulated functional activation of NK cells was maintained even in coculture with J6/JFH-1-huh 7.5 cells through the induction of STAT1 and STAT5 expressions ([Figure 4](#ijms-19-02771-f004){ref-type="fig"}C,D), but with no induction of STAT2, STAT3, or STAT4 (data not shown). It was reported that exogenous IL-21 induced the activation of STAT1, STAT3, and STAT4 but not STAT5 in human NK cells \[[@B32-ijms-19-02771],[@B33-ijms-19-02771]\]. In fact, not only phosphorylation status of STATs but also phosphorylation site of STAT molecules differentially contributes to the regulation of cellular activation \[[@B32-ijms-19-02771]\]. Therefore, we speculate that the presence of HCV infection differently modulated the expressions of STAT proteins, particularly STAT3, STAT4, and STAT5 of NK cells in our coculture system. The functional stimulation of NK cells by rIL-21 was significantly correlated with the production of IFN-γ, which indicates that the secretion of IFN-γ is strongly connected with the activation of STAT1 and STAT5 in our coculture experiments ([Figure 4](#ijms-19-02771-f004){ref-type="fig"}E). Serti's group showed that primary NK cells produced a high level of IFN-γ when PBMCs were cocultured with Huh7/HCV replicon cells, which is strongly connected with the suppression of HCV replication \[[@B34-ijms-19-02771]\]. Also, Park reported that exogenous IL-21 directly increased the cytotoxicity and IFN-γ production of ex vivo expanded NK cells in coculture with breast cancer cells \[[@B35-ijms-19-02771]\]. Both studies indicate that anti-HCV effect of NK cells are closely associated with IFN-γ, and our results support their findings ([Figure 4](#ijms-19-02771-f004){ref-type="fig"}). Finally, we examined whether rIL-21-stimulated NK-92 cells could have a higher capacity to control the HCV infection compared with unstimulated NK-92 cells. There are still arguments about the contribution of IL-21-induced activation of NK cells in the control of viral infection. Pallikkuth et al. reported that IL-21 administration to chronic SIV-infected rhesus macaques increased the cytotoxicity of NK cells, but it had little effect on the plasma viral load \[[@B36-ijms-19-02771]\]. Iannello's group showed that IL-21-mediated activation of NK cells was strongly correlated with the inhibition of HIV replication \[[@B37-ijms-19-02771]\]. Our data also showed that rIL-21-treated NK-92 cells significantly inhibited the expressions of HCV Core protein as well as HCV replication by killing HCV-infected huh 7.5 cells ([Figure 5](#ijms-19-02771-f005){ref-type="fig"}). Therefore, IL-21 could be a valuable therapeutic candidate for boosting NK cell activation in chronic HCV infection.

4. Materials and Methods {#sec4-ijms-19-02771}
========================

4.1. Establishment of Infectious HCV (J6/JFH1) Cell Culture System and NK-92 Cells {#sec4dot1-ijms-19-02771}
----------------------------------------------------------------------------------

HCV genotype 2a-derived infectious HCV clone (pFL-J6/JFH-1) was provided from TMIN/Toray and Dr. Rice's laboratory through a material transfer agreement (MTA 291, MTA 1464). Human hepatocarcinoma 7.5 cells (huh 7.5) were obtained from Apath, LLC through a material transfer agreement (MTA1465) and cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Yong-In Frontier, Seoul, Korea) and 100 U/mL penicillin and streptomycin (Gibco) at 37 °C in a humidified atmosphere with 5% CO~2~. HCV cell culture (HCVcc) was established in huh 7.5 cells by transfecting the full-length genome of J6/JFH1-derived HCV RNA, as previously described \[[@B38-ijms-19-02771]\]. Naïve huh 7.5 cells were infected with HCV virions at 0.1 MOI (multiplicity of infection) through the experiments. Natural killer (NK-92) cells were purchased from the American Type Culture Collection (ATCC) and maintained in Minimum Essential Media alpha (alpha MEM; Gibco), added with 20% non-inactivated FBS (Yong-In Frontier) and 0.1 mM β-mercaptoethanol (Sigma, Aizu, Japan). Both cell types were incubated in the presence of 100 U/mL penicillin and streptomycin (Gibco) at 37 °C in a humidified atmosphere with 5% CO~2~.

4.2. Reagents {#sec4dot2-ijms-19-02771}
-------------

Anti-human-interleukin-10 (Anti-IL-10) and recombinant human interleukin-21 (IL-21) were purchased from BioLegend, Inc. (San Diego, CA, USA).

4.3. Flow Cytometry Analysis {#sec4dot3-ijms-19-02771}
----------------------------

NK-92 cells were cocultured with J6/JFH1-huh 7.5 cells in the presence of anti-IL-10 for 6 h; alternatively, NK-92 cells alone were treated with recombinant IL-21 for 6 h. After each incubation, the harvested NK-92 cells were stained with anti-CD56-APC (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed by flow cytometry (Novocyte Flow Cytometer, ACEA Biosciences, San Diego, CA, USA). The positivity of CD56 was determined by comparison with the defined cutoff values obtained with unstained control cells, as previously described \[[@B39-ijms-19-02771]\].

4.4. Immunohistochemistry Staining {#sec4dot4-ijms-19-02771}
----------------------------------

J6/JFH1-huh 7.5 cells were plated with a density of 5 × 10^4^ cells/100 μL cells per well in 96-well plate and fixed overnight before being permeabilized in 100% methanol for 30 min at −20 °C. Cells were washed twice with PBS followed by once with 1× PBS/0.1% Tween-20 and blocked with 1% BSA and 0.2% skim milk for 30 min at room temperature. Then, 3% H~2~O~2~ was added to block endogenous peroxidase activity. Cells were stained with anti-HCV-specific Core 1b monoclonal antibody (\#ab2740, Abcam, Cambridge, UK) diluted 1:2000 in 1× PBS/0.1% Tween-20 and incubated with secondary antibody (goat-a-mouse-HRP, Jackson Immuno Research) diluted 1:200 for 30 min at room temperature. DAB substrate (DAKO, K3468; diluted 1 drop/mL as per manufacturer's instructions) was added for 5 min to detect positive dark spots. Also, nuclei counterstain was done using Gill's Hematoxylin \#2 (Polysciences, Inc., Warrington, PA, USA) to confirm the absolute cell number.

4.5. ELISA Assay {#sec4dot5-ijms-19-02771}
----------------

Cell free supernatants were harvested to measure the production of IFN-γ using a human enzyme linked immunosorbent assay kit (BD Biosciences). Absorbance was measured at 450 nm using a microplate reader (BMG Labtech, Ortenberg, Germany).

4.6. Western Blot Analysis {#sec4dot6-ijms-19-02771}
--------------------------

Cells were differently harvested in accordance with each experiment. The J6/JFH-1-huh 7.5 cells, naïve huh 7.5 cells, or Natural killer (NK-92) cells were individually lysed by protein extraction buffer (Intron, Gyeonggi-do, Korea). Proteins in cell lysates were measured by the Bradford assay, separated by electrophoresis, and transferred to nitrocellulose membranes, which were then incubated with 1st and 2nd antibodies. Anti-HCV core Antibody 1b (\#ab2740, Abcam) and anti-HCV NS3 Antibody (\#ab13830, Abcam), anti-p38 (\#8690, Cell Signaling, Danvers, MA, USA), anti-p-p38 (\#9215, Cell Signaling), anti-Erk (\#9102, Cell Signaling), anti-p-Erk (\#4370, Cell Signaling) on to huh7.5 cells or J6/JFH-1-huh 7.5 cells and anti-STAT1 (\#14994S, Cell Signaling) and anti-STAT5 (\#9363T, Cell Signaling) onto NK-92 cells were used for first antibodies. Blots were visualized by enhanced chemiluminescent (ECL) detection solutions (Intron).

4.7. Quantitative RT-PCR {#sec4dot7-ijms-19-02771}
------------------------

RNA was extracted from J6/JFH-1-huh 7.5 cells or naïve huh 7.5 cells cocultured with NK-92 under various conditions using an RNeasy Mini kit (Qiagen, Illumina, CA, USA), and then synthesized into cDNA using M-MLV Reverse Transcriptase (BioTech, New York, NY, USA). The resulting cDNA was analyzed for the expressions of HCV genes by qRT-PCR. Gene expression levels were determined using SYBR Green reagent (Bioline, Trento, Italy) and a Step One Plus Real-time PCR system (Applied Biosystems, Foster City, CA, USA), while 18sRNA was used as an internal control. PCR primer sequences were as follows: J6/JFH1, J6/JFH1F (5′-CTTCACGCAGAAAGCGCCTA-3′)/J6/JFH1R (5′-CAAGCGCCCTATCAGGCAGT-3′).

4.8. Statistical Analysis {#sec4dot8-ijms-19-02771}
-------------------------

Data were processed using Microsoft Excel and the results presented as means ± SDs. Comparisons of several means were performed by one-way or two-way analysis of variance, followed by a Fisher's exact test to identify significant differences between groups; *p*-values of less than 0.05 were considered significant.
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![Effect of anti-IL-10 on expression of CD56, and STAT proteins in NK-92 cells. NK-92 cells were cultured in the presence or absence of anti-IL-10 (0.1 ng/mL) for 6 h and stained with fluorescent anti-CD56 antibodies. (**A**) Representative FACS plots showing CD56 expression of NK-92; (**B**) % CD56^+dim^ NK-92. Alternatively, NK-92 cells were cocultured with J6/JFH-1-huh 7.5 cells or naïve huh 7.5 cells in the presence or absence of anti-IL-10 for 6 h. Cell lysates from NK-92 cells only were assessed for the expressions of stat1 and stat5 proteins. β-actin was served as the loading control. (**C**) Expressions of STAT1 and STAT5 proteins by Western blot. (**D**) Relative band intensity of STAT1 and STAT5 compared with the loading control from at least three independent experiments.](ijms-19-02771-g001){#ijms-19-02771-f001}

![Effect of anti-IL-10 on expression of HCV Core and -NS3 proteins in coculture with NK-92 cells. J6/JFH-1-huh 7.5 cells were cocultured with NK-92 cells in the presence or absence of anti-IL-10 for 6 h. Immunohistochemical staining for HCV Core protein expression, real time qPCR for HCV RNA expression, and Western blot analysis for HCV Core and HCV NS3 proteins were performed. β-actin was served as the loading control. (**A**) Immunohistochemical expression of HCV Core protein (dark spots) in cytoplasm of huh 7.5 cells and cell nuclei were counterstained with Gill's Hematoxylin \#2 to show the absolute cell number in immunohistochemical image; (**B**) Relative HCV RNA expression level; (**C**) Expression of HCV Core and HCV NS3 proteins by Western blot; (**D**) Relative band intensity of HCV Core and HCV NS3 compared with the loading control from at least three independent experiments.](ijms-19-02771-g002){#ijms-19-02771-f002}

![Effect of anti-IL-10 on expression of p38 and Erk in J6/JFH-1-huh 7.5 cocultured with NK-92 cells. J6/JFH-1-huh 7.5 cells were cocultured with NK-92 cells in the presence or absence of anti-IL-10 for 6 h. Western blot analysis for p38, p-p38, Erk and p-Erk proteins was performed. β-actin was served as the loading control. (**A**) Expression of p38, p-p38, Erk and p-Erk proteins by Western blot; (**B**) Relative band intensity of p38, p-p38, Erk and p-Erk proteins compared with the loading control from at least three independent experiments.](ijms-19-02771-g003){#ijms-19-02771-f003}

###### 

Effect of recombinant IL-21 on expression of CD56, STAT proteins, and IFN-γ in NK-92 cells. NK-92 cells were cultured in the presence or absence of recombinant IL-21 (0.2 ng/mL) for 6 h and stained with fluorescent anti-CD56 antibodies. (**A**) Representative FACS plots showing CD56 expression of NK-92; (**B**) % CD56^+dim^ NK-92. Alternatively, NK-92 cells were incubated with or without recombinant IL-21 (0.2 ng/mL) for 6 h and subsequently cocultured with J6/JFH-1-huh 7.5 cells or naïve huh 7.5 cells for 12 h. Cell lysates from NK-92 cells only were assessed for the expressions of STAT1 and STAT5 proteins. β-actin was served as the loading control. IFN-γ production (pg/mL) in culture supernatants was determined by ELISA. (**C**) Expressions of STAT1 and STAT5 proteins by Western blot; (**D**) Relative band intensity of STAT1 and STAT5 proteins compared with the loading control from at least three independent experiments; (**E**) IFN-γ production (pg/mL).
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![Effect of recombinant IL-21 on expression of HCV-Core and -NS3 proteins in coculture with NK-92 cells. J6/JFH-1-huh 7.5 cells were cocultured with NK-92 cells with or without IL-21 pre-stimulation. Immunohistochemical staining for HCV Core protein expression, real time qPCR for HCV RNA expression, and Western blot analysis for HCV Core and HCV NS3 proteins were performed. β-actin was served as the loading control. (**A**) Immunohistochemical expression of HCV Core protein (dark spots) in cytoplasm of huh 7.5 cells and cell nuclei were counterstained with Gill's Hematoxylin \#2 to show the absolute cell number in immunohistochemical image; (**B**) Relative HCV RNA expression level; (**C**) Expression of HCV Core and HCV NS3 proteins by Western blot; (**D**) Relative band intensity of HCV Core and HCV NS3 compared with the loading control from at least three independent experiments.](ijms-19-02771-g005){#ijms-19-02771-f005}
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